ABSTRACT
To understand human papillomavirus type 16 (HPV-16) gene regulation, it is necessary to understand HPV-16 RNA processing. HPV-16 encodes multiple 5'-and 3'-splice sites and two polyadenylation signals pAE and pAL ( Figure 1 ). The major 3'-splice site on the HPV-16 genome (SA3358) is used for generation of E6, E7, E4, L1 and L2 mRNAs. It encodes a suboptimal splice signal but is under control of a strong enhancer that renders SA3358 one of the most efficiently used splice sites on the HPV-16 genome. Thereby SA3358 indirectly blocks HPV-16 late gene expression. The early polyA signal is also under control of the early UTR sequence and multiple RNA elements in the L2 coding region that interact with hnRNP H. The two splice sites SD3632 and SA5639 are used exclusively by late mRNAs and are under control of multiple splicing silencer elements. The silencers at SA5639 are located in the L1 coding region and interact with hnRNP A1. So far, only polypyrimidine tract binding protein (PTB) has been shown to induce late gene expression.
INTRODUCTION

HPV-infection, HPV genome and viral life cycle
Human papillomaviruses (HPV) are strictly epitheliotropic viruses with tropism for mucosal or cutaneous epithelium that belong to the Papillomaviridae family (1) (2) (3) . HPVs infect the basal cell layer of the squamous epithelium through microwounds that expose the lower cell layers to incoming virus. These infections are normally cleared within 12-18 months but a subset of HPVs termed "high-risk"-types may in rare cases persist for decades in the infected host. Such persistent infections may cause the appearance of premalignant lesions named cervical intraepithelial neoplasia (CIN) that can be graded based on the fraction of the epithelium that is covered by the lesions (2) . While CIN1 lesions are mild and are likely to regress, the high-grade lesions termed CIN2 and CIN3 are true risk factors for the progression to cervical cancer (2) . Although these are rare events, the number of cervical cancers in the world is high due to the high prevalence of HPVs in the human population (4) . HPV-16 is one of the most common sexually transmitted mucosal HPV types. It Figure 1 . The HPV-16 genome. Early promoter p97 and late promoter p670 are indicated. pAE, early polyA signal and pAL, late polyA signal. Open triangles indicate splice acceptors (3'-splice sites) and filled triangles indicate splice donors (5'-splice sites). Numbers refer to the HPV-16R genome (9) . Major mRNA species are shown. Their translation products are indicated to the left.
is also the HPV-type most frequently detected in cervical cancer and it is a prototypic "high-risk" HPV type (5) . Persistent HPV-16 infection is a strong risk factor for development of cervical cancer (2) .
The HPV-16 virion is simple and consists of a histone-covered, approximately 8-kb double stranded circular genome, with all genes located on the same strand, enclosed in an icosahedral capsid made of viral L1 and L2 protein (1) . The genome can be divided into an early region encoding E1, E2, E4-E7 and a late region encoding the two capsid proteins L1 and L2 ( Figure 1 ). One early and one late promoter, and one early and one late polyadenylation signal are also found on the HPV genome. The viral life cycle can be divided into an early stage in which transcription from the early promoter generates mRNAs encoding all early genes that are subsequently polyadenylated at the early polyA signal (pAE) (6, 7) . Initially E6 and E7 proteins drive cell proliferation by binding to p53 and pRb (and other factors) and interfering with their functions (8) . E1 and E2 interact with each other and replicate the viral DNA genome by binding to viral DNA through E2, and cellular DNA polymerase through E1 (6) . High levels of E2 apparently shut down the early promoter concomitantly with activation of the late promoter brought about by terminal cell differentiation as the infected cell reaches the higher layers of the epithelium. The late promoter drives expression of mRNAs encoding E1, E2 and E4 that are polyadenylated at pAE, and L1 and L2 mRNAs that are polyadenylated at pAL (9) . This results in the production of progeny virus at the top of the epithelium.
Regulation of HPV-16 gene expression
The HPV-16 genome contains an early promoter named p97 and a more elusive late promoter termed p670 (10) (Figure 1) . Although a switch in use of viral promoters occurs during the viral life-cycle, strict regulation of viral RNA processing is absolutely necessary in order to achieve a temporal expression of the viral genes (11) (12) (13) . For example, at an early stage of the viral life cycle in which only the early promoter is used, it is of paramount importance that only the early polyA signal and early splice sites are used to avoid expression of the late genes from the early promoter, suggesting that the late polyA (pAL) and the late splice sites (SD3632 and SA5639) are suppressed in dividing cells, whereas early splice sites and polyA signal are highly active. In contrast, when the infected cell differentiates and transcription from the late promoter is induced, splice sites and polyA signal used by late mRNAs must be activated. It is equally important that early splice sites and the early polyA signal allow the late processing signals to compete for splicing factors. HPV-16 RNA processing must be highly flexible and adopt to changes in the differentiating epithelial cell that mark the transit from one stage to another in the cellular differentiation process. Extensive studies of splicing and polyadenylation in bovine papillomavirus (BPV) have shown that splicing occurs in a cell differentiation-dependent manner and multiple splicing regulatory elements have been described (11, 12) .
Although the vast majority of all HPV-16 infections are cleared within two years after infection, HPV-16 may persist for decades (14) and give rise to lesions consisting of cells that are driven to proliferate by the continuous expression of HPV-16 E6 and E7 (7) . In these cells, the HPV-16 life-cycle is locked at an early stage of the viral replication cycle characterized by continued expression of early genes, while late genes encoding L1 and L2 are suppressed. Cervical cancer cells never express L1 or L2 proteins. It is reasonable to speculate that inhibition of HPV-16 late gene expression is a prerequisite for progression to cancer and that it prevents detection of HPV-16 infected cells by the immune system Figure 2 . Replacing the HPV-16 late promoter with a strong CMV promoter does not activate HPV-16 late gene expression. The strong human cytomegalovirus immediate early promoter (CMV) has been inserted in place of the late promoter p670 to generate a subgenomic HPV-16 expression plasmid named pBEL (22) . pAE, early polyA signal and pAL, late polyA signal. Open triangles indicate splice acceptors (3'-splice sites) and filled triangles indicate splice donors (5'-splice sites). Numbers refer to the HPV-16R genome (9) . The major mRNA species produced by plasmid pBEL upon transfection into human cells is the E4 mRNA indicated below plasmid pBEL (22) . of the host. In stark contrast, E6 and E7 expression is a prerequisite for cell proliferation (8) , whereas E1 and E2 expression is required (6) , at least at low levels, as long as the HPV-16 genome remains as an episome, regardless of grade of lesion or cancer. In some cases the HPV-16 genome integrates in cervical cancer cells, presumably as a result of genetic instability of the cancer cell (15, 16) . To summarize, it is clear that the HPV gene expression profile has bearing on cancer progression.
Early and late splice sites and polyA signals
A number of splice sites have been mapped to the early region of the HPV-16 genome including the 5'-splice sites SD226, SD880 and SD3632 and the 3' splice sites SA426, SA509, SA742, SA2709 and SA3358, whereas only one splice site SA5639 is located in the late region ( Figure 1 ) (17) (18) (19) . Splicing has also been extensively studied in HPV-31 (20) . However, the physical location of each splice site does not necessarily reveal whether they function early or late in the viral life cycle (9) . Based on function, the viral splice sites can be divided into those used exclusively by the early mRNAs, such as SD226, SA426, SA509 and SA724, those used by both early and late mRNAs including SD880, SA2709 and SA3358, and those used exclusively by the late mRNAs (SDS3632 and SA5639) (Figure 1) . Similarly, the early polyA signal pAE must be used at both early and late stages in the viral life cycle, whereas the late polyA signal pAL, is used exclusively by late mRNAs, during the late productive stage of the infection (Figure 1 ).
The utilization efficiency of each splice site determines the levels of the individual viral mRNAs in the infected cells
Although the HPV-16 genome encodes early and late promoters (p97 and p670) that are subject to regulation (10), these promoters do not affect the abundance of individual transcripts, they turn on or off groups of viral mRNAs ( Figure 1 ). To determine exactly how much of a certain mRNA that should be synthesized at a given time in the viral life cycle, the HPV splice sites are strictly regulated. Many splice sites are used in a mutually exclusive manner. The utilization frequency of one splice site can therefore indirectly affect the levels of an alternatively spliced mRNA (12, 13) . This was initially shown for BPV and later for HPV-16 (11, 12) . Even relatively minor splice sites may play important roles during the viral replication cycle (21) . For these reasons, it is of major importance to understand how HPV RNA processing is regulated and how usage of each splice site is controlled.
A simple experiment that high-lights the importance of RNA processing in the HPV-16 gene expression program has been to replace differentiationinducible late viral promoter p670 with a constitutively active promoter (Figure 2 ) (22) . Replacing the late promoter p670 with the strong, constitutively active human cytomegalovirus (CMV) immediate early promoter did not activate HPV-16 late gene expression ( Figure 2 ) (22) . Although additional promoters have been identified in the E4 and E5 regions of HPV-16 and HPV-31 that could potentially express the late genes (19, 20) , insertion of the strong CMV promoter in the same region is not sufficient to activate late gene expression either (23, 24). We concluded that posttranscriptional events block HPV-16 late gene expression in mitotic cells and that alleviation of this block is needed for induction of late gene expression in differentiated cells. This strongly supports a model in which late gene expression is regulated at the level of RNA processing (13). SD226 is used exclusively by the early mRNAs ( Figure 1 ). One role of SD226 is to splice to SA409 or SA526, also located in the E6 ORF ( Figure 1 ). Removal of the E6 intron is necessary for generation of mRNAs that can be efficiently translated into E7 (25, 26) . The E6 AUG is weak and further weakened by its close proximity to the 5'-end of the mRNA ( Figure 1 ). However, mRNAs on which the E6 ORF is intact are poor producers of E7. Too efficient splicing of the E6 intron would result in insufficient quantities of E6. Partial splicing is therefore a prerequisite for production of correct levels of E6 and E7 proteins. One explanation for the inefficient splicing of the E6 intron may be the suboptimal branch point (27) . As continued expression of both E6 and E7 is needed for progression to cancer, identification of the splicing regulatory elements in E6 is of interest.
While some investigators concluded that E7 was translated as a result of leaky scanning at the E6 AUG (28), others have suggested that translation initiation at the E7 AUG occurs by a reinitiation mechanism (29). Remm et al showed that ribosomes initiating translation at the E1 AUG, downstream of the E6 and E7 AUGs, belonged to a different pool of ribosomes than those translating the upstream E7 open reading frame, indicating that the E1 AUG was recognized by scanning ribosomes or by a shunting mechanism (30) . Translation of downstream ORFs in the HPV genome appears to be affected by splicing in the E6 region. Experiments on HPV-31 demonstrated that the corresponding splice sites in HPV-31, and the E6 intron, were important for production of the E1 protein (31) , perhaps suggesting that the HPV-31 splice donor in the E6 ORF, corresponding SD226 in HPV-16, is required for production of E1 mRNAs.
In addition to splicing in E6 being important for expression of downstream ORFs, it appears as if the various splice variants of E6 give rise to E6 proteins with distinct functions. While the full-length E6 protein binds and targets p53 and procaspase 8, for degradation, the short version of E6 produced from the spliced mRNA appears to counteract these two functions of E6 (32, 33). Splicing of the E6 intron may therefore also affect the function of the E6 protein.
Regulation of splice sites SA3358 and SA2709
By far the most efficiently used splice site in the HPV-16 genome is SA3358 (Figure 1 and 2). The E4 mRNAs is one of the most abundant HPV-16 mRNAs produced during an HPV-16 infection ( Figure 2 ). In cells experimentally infected with HPV-31, mRNAs spliced to the corresponding 3'-splice site in HPV-31 (SA3295) are among the most abundant mRNAs and is detected as early as 8 hrs post infection (34) . The HPV-16 SA3358 is used by both early and late mRNAs to generate E4 mRNAs ( Figure 1 ). mRNAs using SD226, the newly discovered SA742, SD880 and SA3358 is probably the major E4 mRNA produced in the infected cell ( Figure 1 ) (19, 29, 35, 36) . Surprisingly, SA3358 does not conform well to the consensus 3'-splice site (9) and is therefore predicted to be inefficiently recognized by the splicing machinery. A deletion analysis of the E4 region of the HPV-16 genome identified an 85-nucleotide AC-rich splicing enhancer located downstream of SA3358 (Figure 3 ) (23). Transfection experiments revealed that recognition of SA3358 is totally dependent on this downstream enhancer (23). Interestingly, not only SA3358 relied on the enhancer for function, the early polyA signal pAE was no longer used when SA3358 was bypassed. Alternative 3'-splice sites that could potentially be activated when SA3358 was inactivated are those of E2 (SA2709) and L1 (SA5639) (Figure 1 ). Of those, SA2709 appears to be an excellent 3'-splice site, but usage of SA2709 does not increase significantly when SA3358 is knocked down (23), suggesting that the SA2709 is under the influence of strong splicing suppressors. A mutation designed to inactivate a 3'-splice site (SA3295) in the HPV-31 genome (37) that corresponds to HPV-16 SA3358, did not affect levels of E4 mRNAs, since the mutation activated a cryptic 3'-splice site, 3-nucleotides downstream of HPV-31 SA3295. This strongly suggests that the E4 splice acceptor in HPV-31 is under control of a strong splicing enhancer, similarly to HPV-16 SA3358. In CONCLUSION, the AC-rich splicing enhancer at SA3358 in HPV-16 not only promotes usage of SA3358, an important 3'-splice site in E6, E7, E4 and L1 mRNAs, it also promotes polyadenylation at pAE, thereby indirectly inhibiting HPV-16 late gene expression (23). At an early stage in the viral life cycle, competition between SA3358 and late splice sites also contributes to inhibition of late gene expression in mitotic cells (23). This was experimentally verified by the demonstration that simultaneous mutational inactivation of the E4 enhancer and the L1 splicing silencers (see below) in a subgenomic HPV-16 clone, resulted in a complete switch from E4 mRNA production only, to L1 mRNA production only (13, 23 ).
Splicing to SA3358 to generate the E4 mRNA is dependent on SD880 as the E4 ORF obtains start codon and initial codons from the E1 ORF, upstream of SD880 (9) . In contrast, inhibition of SD880 is required for production of mRNAs encoding the E1 protein. The importance of the corresponding 5'-splice site in HPV-11 (SD847) was investigated by mutational inactivation of HPV-11 SD847. This resulted in aberrant E1 to E2 protein ratio with effects on viral replication as a consequence (38) . The importance of producing correct relative levels of E1 and E2 have been documented (38, 39) . This predicts that alterations in the corresponding HPV-16 splice sites may impair HPV-16 replication as well.
Late mRNAs expressed from the late promoter p670 are presumably spliced from SD880 to SA3358 to generate the L1 mRNA (Figure 1 ). An additional splicing event from SD3632 to SA5639 is required (9) . A potential problem with this mRNA is that the L1 mRNA is located downstream of the E4 ORF that contains the E1 AUG. This AUG is strong according to Kozak rules (40) and would not allow translation initiation at downstream AUGs. Indeed, analysis of translation of the corresponding mRNA in HPV-6b, revealed that mutation inactivation of the upstream E1 AUG resulted in a 30-fold increase in translation initiation at the L1 AUG (41) . Alternative L1 mRNAs which are initiated from putative promoters located in the E4-E5 region and that do not contain the E1 AUG have been identified in HPV-16 and HPV-31 (19, 20) . Such late mRNAs would only use splice sites that are specific for the late mRNAs, i.e SD3632 and SA5639. It would be interesting to determine how efficiently the various spliced late mRNAs are translated into L1 and L2 protein.
Regulation of late splice site SD3632
SD3632 is used exclusively by late mRNAs and is suppressed in mitotic cells. It is located right between the efficiently used SA3358 and the early polyA signal pAE (Figure 1) . We have shown that deletions immediately upstream or downstream, of SD3632 activate this splice site, indicating that it is suppressed by adjacent splicing silencers (Figure 3) (23) . Similarly, optimizing the SD3632 by increasing complementarity to U1 snRNA enhances splicing (23). However, the enhancing effect of these mutations and deletions are primarily seen when suppression of the downstream splice acceptor SA5639 (see below) is relieved by mutations that destroy splicing silencers located in the L1 coding region (22, 23 (24) . These results suggest that PTB activates HPV-16 late gene expression directly or interferes with factors that regulate SD3632 through splicing silencers. To understand the mechanism behind this effect fully, it is necessary to characterize the splicing elements further and to identify the factors that interact with the splicing suppressor sequences at SD3632.
Regulation of late splice site SA5639
Late 3'-splice site SA5639 is used exclusively by late mRNAs and is tightly regulated by cis-acting elements located in the L1 coding region (Figure 3) (22) . The first 17 nucleotides located immediately downstream of SA5639 harbor a splicing enhancer (Figure 3) (42) . This sequence is necessary for splicing into SA5639. Although the enhancer is active in dividing cells, it is overridden by multiple splicing silencers located downstream of the enhancer, within the coding region of L1 (42) . The multiple splicing silencers were discovered by the introduction of point mutations in L1 that altered the L1 RNA sequence but not the protein sequence (Figure 3 ) (43) . These mutations destroyed the splicing silencers and induced splicing to SA5639 (22) , thereby demonstrating that HPV-16 had evolved to contain splicing silencers in the L1 coding region. The splicing silencer sequences were active in vitro as well as in transfected cells (22) . Multiple splicing silencers were subsequently discovered in L1 and it was shown that hnRNP A1 interacted specifically with these splicing silencers (Figure 3 
) (42).
Furthermore, L1 cDNAs are infamous for the low levels of mRNA and protein produced when transfected into human cells. Experiments with the mutant L1 cDNAs in which the splicing silencers had been inactivated by multiple point mutations, revealed that they expressed high levels of HPV-16 L1 mRNA and protein in transfected cells (43) (44) (45) . Immunisation of mice with these genes induced a vigorous immune response towards L1 protein, including humoral and cell-mediated responses (46) . In contrast, wild type L1 genes did not induce detectable immune responses against L1 (46) . These results demonstrate that splicing silencers binding to hnRNP A1 can inhibit expression from cDNAs, in the absence of splicing (44) . Any cDNA that is poorly expressed may contain splicing regulatory sequences in the coding region that interact with splicing factors to regulate splicing when the mRNAs is expressed directly from the gene (47, 48) . However, when the same protein-coding region is expressed from a cDNA that is unable to splice, the splicing regulatory factors that bind to the mRNA may be retained on the mRNAs as it is never spliced. Under these circumstances, splicing regulatory elements inhibit gene expression (47, 48) . This is presumably a result of nuclear entrapment or premature degradation of "mRNAs" that are regarded as defective since they fail to splice although they encode splicing regulatory elements. In case of the HPV-16 L1 cDNA, we have shown that binding of hnRNP A1 to the multiple splicing silencers in L1 is responsible for inhibiting expression of L1 from L1 cDNAs (44).
HPV-16 POLYADENYLATION
Regulation of the early polyA site pAE
We have recently shown that mutations that inactivate the early pAE of HPV-16 resulted in readthrough into that late region of the HPV-16 genome, confirming the role of HPV-16 pAE as an important regulator of late gene expression (35) . However, induction of late gene expression was small and a detailed analysis of the early mRNAs produced from the pAE mutant revealed that a cryptic polyA site at position 3820 was activated by the mutational inactivation of pAE (35) . While pAE contains a canonical AAUAAA sequence, the cryptic polyA site did not (35) . AU-rich sequences were located within the 50 upstream nucleotides. In spite of this, the cryptic polyA site was used very efficiently, suggesting that strong enhancer elements were located in the vicinity of pAE. These regulatory elements presumably activate the cryptic polyA signal in the absence of pAE (35) . Mutational inactivation of the early polyadenylation signal in bovine papillomavirus also resulted in the activation of upstream, cryptic polyadenylation signals (49) . Similar results were obtained with HPV-31 (50, 51). In conclusion, the pAE functions as a barrier to late gene expression.
Further analysis of pAE revealed that the early UTR stimulated polyadenylation at pAE, but this effect was relatively weak (Figure 3 ) (35). The early UTR was shown to interact with the polyadenylation factor Fip-1, which interacts directly with CPSF in the polyadenylation complex, and CstF-64 and PTB (35) . The role of these factors in HPV-16 early polyadenylation remains to be determined.
The first 400 nucleotides of the HPV-16 L2 sequence were shown to enhance polyadenylation at pAE substantially ( Figure 3) (52) . Insertion of a mutant L2 sequence in which the RNA sequence had been mutated without affecting the protein-coding region (45) , resulted in high read-through into the late region of the HPV-16 genome (52) . This experiment showed that the HPV-16 genome had evolved to contain polyadenylation enhancers that spanned the L2 coding region (Figure 3) . Multiple triple-G motifs were present in this region and selected mutations of the triple-G sites increased read-through into the late region. The triple-G motifs interacted specifically with hnRNP H (52). If hnRNP H stimulates polyadenylation at pAE, one would expect hnRNP H levels to decrease in response to cell differentiation. This has been shown to be the case in cervical epithelium (52) . However, the polyadenylation element in L2 extends far beyond the hnRNP H binding sites (52) , suggesting that secondary structure of the L2 RNA was important for function, or that other regulatory sequences are located in the region. Previous studies of HPV-31 had identified sequences in the L2 coding region that stimulated polyadenylation at HPV-31 pAE (50, 51) . These elements also extended several hundred nucleotides into L2, and were shown to interact with CstF-64. Knocking down CstF-64 enhanced polyadenylation at HPV-31 pAE (50), suggesting that CstF-64 may act also on HPV-16. In bovine papillomavirus, regions of transcriptional termination were identified in the L2 region, indicating that transcripts that extend past pAE in BPV are terminated before they reach the late polyA signal (53).
Regulation of the late polyA site pAL
A late 3'-UTR element in BPV that reduces the levels of late BPV mRNAs in the cytoplasm (54) , contains a sequence perfectly matching U1snRNA (55) . This sequence was required for the inhibitory effect of the BPV late UTR (55) . It was shown to interact with U1snRNA in transfected cells. Similar sequence motifs were found in the HPV-16 late UTR (Figure 3) (55) . Subsequent experiments showed that U1-70K protein in the U1snRNP particle binding to the BPV late UTR element interacted with polyA polymerase and inhibited polyadenylation at the late BPV polyA signal (Figure 3) (56) . U1snRNPs binding to the U1snRNA binding sites in HPV-16 did not contain detectable levels of U1-70K and may act by a different mechanism (57) . A recent publication shows that the HPV-16 late UTR element interacts with CUG binding protein 1 (CUGBP1) and that this interaction mediates the inhibitory effect of the HPV-16 late UTR element in transfected cells (58). It would be interesting to see the expression profile of CUGBP1 in cervical epithelium.
HPV-16 mRNA stability 3.3.1. RNA instability elements in the HPV-16 L1 and L2 coding regions
We have previously reported that insertion of the HPV-16 L1 and L2 coding regions after a CAT reporter gene reduced mRNA levels produced from these plasmids in transiently transfected cells (43, 59 ). In contrast, insertion of the L1 or L2 coding sequence in the antisense orientation affect mRNA levels to a much lower extent (43, 59 ). Furthermore, HPV-16 L1 and L2 sequences reduced mRNA levels to a higher extent than L1 and L2 sequences from the highly productive, low risk HPV type 1 (HPV-1) (59). The existence of inhibitory RNA instability elements in the HPV-16 L1 coding region was confirmed by other investigators using hybrids between HPV-16 L1 and firefly luciferase (60) . Generation of HPV-16 L1 and L2 genes in which we had introduced multiple point mutations that altered the L1 or L2 RNA sequence without affecting the protein coding sequence had a dramatic effect on mRNA levels and protein production (43, 59, 61) . Interestingly, similar elements were found in canine oral papillomavirus L1 (62), indicating a conserved and important role of these RNA elements in the papillomavirus life cycle. It is not clear if the intragenic L1 and L2 elements regulate RNA stability or if the effect on mRNA half-life is caused by binding of cellular polyadenylation-or splicing-factors to these mRNAs (see above) (22, 44, 52).
RNA instability elements in the HPV-16 early UTR
The early UTR of HPV-16 has an exceptionally high U-content, a hallmark of many unstable mRNAs (63) . However, AUUUA-motifs found in many AU-rich RNA instability elements are not present in the early UTR. Nevertheless, Jeon et al have reported that the HPV-16 early UTR reduces mRNA stability when inserted in the stable globin mRNA (64, 65) . This mRNA was driven by the inducible c-fos promoter, contained a heterologous polyA signal and was expressed in murine cells. In contrast, HPV-1 and HPV-16 early UTRs did not reduce the stability of reporter mRNAs or HPV-1 or HPV-16 early mRNAs expressed from a CMV promoter in HeLa cells (66) . Other experiments describe an inhibitory effect on mRNA levels and mRNA translatability when the HPV-16 early region from position 3358 to 4214 was inserted downstream of the GUS reporter gene (67) . In this case also splicing regulatory elements were included in the inserted fragment. It remains to be seen if the HPV-16 early UTR has a regulatory role in HPV-16 early gene expression.
RNA instability elements in the HPV-16 late UTR
The HPV-16 late UTR contains a GU-rich negative regulatory element (NRE) that acts as an RNA instability element, at least in vitro (68, 69) . It interacts with a range of cellular factors including ASF/SF2, CstF-64, U2AF65, hnRNP A1 and HuR (70) (71) (72) (73) . Inhibitory effects on late mRNA polyadenylation by U1snRNP-binding sites within the negative regulatory element in the late UTR are clear (56) . In addition, we have shown that a 55-kDa protein binds specifically to GUUUG-elements in the HPV-16 negative regulatory element (74) . This is the same 55-kDa factor that binds specifically to the AUUUAmotifs in the HPV-1 AU-rich RNA instability element in the HPV-1 late UTR (74) . This factor remains to be identified.
The late UTR of the cutaneous and benign HPV-1 contains a 57-nucleotide AU-rich RNA instability element named h1ARE (75, 76) . This element contains two AUUUA-and three AUUUUUA-motifs which all contribute to premature mRNA degradation (75, 77) . The h1ARE element interacts specifically with the same factors as the c-fos AU-rich RNA instability element (66, 78, 79) , including HuR and hnRNP C (78, 80) . These factors do not bind to mutant h1ARE sequences that do not mediate premature mRNA degradation, suggesting a functional role for these proteins in HPV-1 late gene expression. The role of this element in the viral life cycle has not been determined but one may speculate that it either inhibits late gene expression in mitotic cells or serves as positive regulatory element needed for efficient export of stable L1 and L2 mRNAs at a late stage in the viral life cycle.
Many HPV types contain RNA elements in the late UTR that act by reducing mRNA levels, but not all HPV late UTRs contain AUUUA-motifs (74) . However, all HPV late UTRs contain one or more variations of the PuU [3] [4] [5] Pu sequence (74) . This suggests that the presence of regulatory elements in the late UTR is conserved property of HPVs although these RNA elements may act by different mechanisms. It would be interesting to determine the role of the negative elements in the late HPV UTRs in the context of the viral genome and in the viral replication cycle.
HPV-16 mRNA EXPORT
Many HPV-16 mRNAs are incompletely spliced and as such contain unutilized splice sites or splicing regulatory elements that may retain these mRNAs in the nucleus where they are prematurely degraded. This property is shared by many different viruses that make use of the host cell splicing machinery such as polyomaviruses and retroviruses. The HIV-1 Rev protein binds to the Revresponse element (RRE) RNA element on partially spliced HIV-1 mRNAs and promotes nuclear export of these mRNAs by interacting with CRM1 (81, 82) . We have shown that HIV-1 Rev can induce nuclear export of HPV-1 and HPV-16 late mRNAs if the Rev-response element was inserted in these mRNAs. HIV-1 Rev could overcome the inhibitory effect of RNA sequences in the HPV-16 late UTR as well as of RNA elements in HPV-16 L1 coding sequences (45, 61, 76) . In addition, the constitutive transport element (CTE) from simian retrovirus type 1 (SRV-1) that interacts directly with the TAP protein to induce nuclear export of partially spliced retroviral mRNAs also stabilizes and induces nuclear export of HPV-1 and HPV-16 late mRNAs (45, 61, 76) . It has been observed that HPV-16 L1 mRNAs are retained in the nucleus in undifferentiated epithelial W12 cells (71) . Collectively, these results strongly suggest that late HPV-1 and HPV-16 mRNAs are inefficiently exported from the nucleus, at least in mitotic cells, and that nuclear export of the late HPV mRNAs may be induced by a yet unidentified factor. The shuttling HuR protein that binds both HPV-1 and HPV-16 late UTRs (71, 78, 83) , and the shuttling HPV-RNA binding proteins hnRNP A1 and ASF/SF2 are candidate export factors (22, 42, 70, 73) .
HPV-16 mRNA TRANSLATION
Inhibition of translation by the HPV-16 late UTR
We initially observed that inhibition of gene expression caused by the late UTR of HPV-1 and HPV-16 displayed a stronger inhibitory effect at the protein level than at the RNA level (61, 75, 76) , suggesting that translation was inhibited by the late UTR element. This was later proven by direct transfection into the HeLa cell cytoplasm of capped and polyadenylated, in vitro synthesized mRNAs containing the HPV-1 late UTR element (77) . While HPV mRNAs with a mutant late UTR were efficiently translated, mRNAs with the wild type late UTR produced very little protein as a result of poor translation (77) . The AU-rich RNA element affected translation only of mRNAs with polyA tail and the AU-rich element was shown to bind polyA-binding protein (PABP), suggesting that the AU-rich element inhibited translation by interfering with PABP (77) . In general, inhibition of gene expression by the late UTR of multiple HPV types was shown to be higher at the level of protein than at the level of RNA (74) , suggesting that the late UTR of other HPV types may inhibit translation as well.
Inhibition of translation by the HPV-16 early region
One publication has presented data indicating that insertion of an HPV-16 early sequence (from 3358 to 4214) downstream of the GUS reporter gene had an inhibitory effect on translation (67) . The RNA element that inhibits translation remains to be identified.
Inhibition of translation by the HPV-16 L1 and L2 coding regions
The HPV-16 L1 and L2 genes were first shown to contain inhibitory sequences when these genes were inserted downstream of the CAT reporter gene and were shown to reduce CAT RNA and protein levels upon transfection into HeLa cells. The effect was greater at the protein level than at the RNA level suggesting an inhibitory effect on mRNA translation (59, 61), in addition to the documented effect on RNA stability (43, 59 ). This was also seen when hybrids between the efficiently expressed equine infectious anemia virus and HPV-16 L1 or L2 genes were constructed and expressed in human cells (43, 45) . Cellular factors binding specifically to RNA derived from the 3'-end of the HPV-16 L2 coding region were identified as polyC binding proteins 1 and 2 (PCBP-1 and -2) (also known as hnRNP E1 and E2) and hnRNP K (84) . Binding of these factors to the HPV-16 L2 coding region inhibited translation of HPV-16 L2 mRNA in vitro (84) . Although it has been shown that PCBPs and hnRNP K bind to the 3'-UTR of 15-lipoxygenase mRNAs and inhibit translation of these mRNAs (85) , it remains to be investigated if PCBPs and hnRNP K inhibit translation of L2 mRNAs in HPV-16 infected cells.
Codon modification of the BPV or HPV-6b L1 and L2 coding regions resulted in a dramatic increase in production of L1 and L2 protein while an effect on mRNA levels was undetectable (86) . These investigators concluded that replacing rare codons used in the BPV or HPV-6b genes with codons that are more commonly used in human genes resulted in late papillomavirus mRNAs that were more efficiently translated in mitotic cells (86) . Overexpression of a rare tRNA (tRNA ser (CGA) ) in mammalian cells transfected with wild type bovine papillomavirus L1 expression plasmid resulted in induction of L1 protein production without significantly affecting steady state L1 mRNA levels (86) . These investigators also speculated that the relative levels of tRNAs change with differentiation and that papillomavirus codon usage of the late genes reflects the conditions in terminally differentiated cells. However, also early papillomavirus mRNAs contain rare codons and replacing rare codons in HPV-16 E5 (87), E6 (88) and E7 (89, 90) with more frequently used codons enhanced expression also of the early genes in transfected cells as well as in DNA immunized animals. The presence of rare codons may be a general property of all genes on HPV genomes. It would be interesting to investigate if there are differences in composition in RNA/protein complexes formed on wild type and "codon optimized" BPV and HPV-6b L1 or L2 sequences. RNA binding proteins specifically interacting with the wild type L1 or L2 mRNAs may inhibit translation of these mRNAs in transfected cells (44) .
PERSPECTIVE
In order to understand how expression of the HPV-16 genes is regulated, it is necessary to understand how processing of the viral mRNAs is regulated. As the expression levels of the various HPV-16 genes change during the viral life cycle and in response to a differentiating environment, each HPV-16 RNA splice site and polyadenylation signal is subject to regulation. They are regulated by cis-acting RNA elements and trans-acting cellular factors. In addition, stability and efficiency of nuclear export of the viral mRNAs will affect the final levels of each mRNA species. The utilization efficiency of each RNA processing signal will affect the final concentrations of the viral proteins made in the infected cell. A detailed knowledge of the various HPV-16 RNA processing signals will increase our understanding of HPV-16 infection and the viral life-cycle, and may uncover novel targets for antiviral therapy.
The most frequently used 3'-splice site of the HPV-16 genome, SA3358, is totally dependent on a downstream AC-rich enhancer (23) (Figure 3 ). It is used by E4, E6, E7, L1 and L2 mRNAs. This enhancer is therefore one of the major regulatory elements on the HPV-16 genome, but the factors interacting with the RNA elements remain to be identified. In addition, identification of the splicing regulatory elements that determine the ratio of the E6 and E7 mRNAs in infected cells, in particular in cancer cells, may lay the ground for therapy against cervical cancer.
Regarding late gene expression, we have learnt that late splice sites SD3632 and SA5639 are under control of strong splicing silencers that suppress these sites in mitotic cells (23) (Figure 3 ). Although the silencers at SA5639 bind to hnRNP A1 (23), a better understanding of the splicing suppressors at SD3632 (23) and identification of the factors they interact with is desirable. The PTB protein counteracts these elements and induces late gene expression, but the identity of the inhibitory factors is unknown (23). The mysterious L2 mRNA deserves special attention in that it should be inefficiently exported, since it is partially spliced, and it should be inefficiently translated as the L2 ORF is never first on any of the cloned and sequenced L2-encoding mRNAs. Alternative ways of RNA export and translation may operate on the L2 mRNA and studies on L2 expression may be informative.
Little is known of how the partially spliced E1 mRNA is actually escaping the nuclear control that targets incompletely spliced mRNAs for premature degradation. Especially the control of nuclear export of E1 mRNA would be of interest. The ratio between E1 and E2 is of major importance since alterations in this ratio immediately has a bearing on viral DNA replication (38, 39) . Efficient use of 5'-splice site SD880 prevents production of E1 and favors E4 production. The 3'-splice site upstream of E2 has a long polypyrimidine tract and should be recognized quite well by the splicing machinery, but is not. E2 regulates viral transcription and replication, induces apoptosis and may act as the master switch that promotes entry into the late phase of the viral life cycle. E2 expression must therefore be well controlled and the E2 3'-splice site is likely to be under control of strong splicing silencers.
Studies of the role of the regulatory RNA elements in the viral life-cycle would be very interesting. These experiments would determine how important each splicing-or polyadenylation-element or trans-factor is for completion of the replication cycle of the papillomavirus.
Finally, an area of research that will expand in the future is that on the role of microRNAs in HPV gene regulation, as well as in viral pathogenesis, as microRNAs will undoubtedly be involved in many aspects of the viral life cycle (91, 92).
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